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The 730 nm-thick undoped BaSi2 films capped with 5 nm-thick amorphous Si (a-Si) intended for
solar cell applications were grown on Si(111) by molecular beam epitaxy. The valence band (VB)
offset at the interface between the BaSi2 and the a-Si was measured by hard x-ray photoelectron
spectroscopy to understand the carrier transport properties by the determination of the band offset at
this heterointerface. We performed the depth-analysis by varying the take-off angle of photoelectrons
as 15, 30, and 90 with respect to the sample surface to obtain the VB spectra of the BaSi2 and the
a-Si separately. It was found that the barrier height of the a-Si for holes in the BaSi2 is approximately
0.2 eV, whereas the barrier height for electrons is approximately 0.6 eV. This result means that the
holes generated in the BaSi2 layer under solar radiation could be selectively extracted through the
a-Si/BaSi2 interface, promoting the carrier separation in the BaSi2 layer. We therefore conclude that
the a-Si/BaSi2 interface is beneficial for BaSi2 solar cells. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4947501]
I. INTRODUCTION
Thin-film solar cells, such as Cu(In, Ga)Se2 (CIGS),
1–4
CdTe,5–7 and perovskite solar cells,8–10 have drawn intense
research interest because of their high energy conversion effi-
ciency and low cost. However, these materials contain critical
raw materials. Materials consisting of earth-abundant and
environmental-friendly elements are preferable when we think
of the future deployment of terawatt-scale solar cells. Si thin-
film solar cells have thus been studied extensively;11–15 how-
ever, it is not easy to achieve high conversion efficiency as
large as 20% because of its small absorption coefficient, a.
Among such materials, we have been studying orthorhombic
barium disilicide (BaSi2). BaSi2 is a semiconducting silicide,
which consists of earth-abundant Ba and Si, and has a band
gap (ca. 1.3 eV) appropriate for a single-junction solar cell.16
Besides, a reaches 3 104cm1 at 1.5 eV.16 This value is
more than 40 times larger than that of crystalline Si, which is
7 102cm1 at 1.5 eV.17 In addition, undoped BaSi2, which
shows n-type conductivity with an electron concentration of
the order of 1016cm3,18 exhibits a large minority-carrier dif-
fusion length L  10lm (Ref. 19) and a large minority-carrier
lifetime s  10ls.20,21 Owing to large L and large a, we can
expect an energy conversion efficiency to be larger than 25%
only in a 2lm-thick BaSi2 pn junction diode.
22 For these rea-
sons, BaSi2 is a candidate material for high efficiency thin-
film solar cells. For device application, surface passivation is
very important for materials like BaSi2, which possess large a,
because the short-wavelength light is absorbed in the region
close to the surface. For example, a reaches 4 105cm1 at a
wavelength of 500 nm for BaSi2,
16 meaning that most of the
photons at this wavelength are absorbed as they pass only
75 nm (1/a 3¼ 75 nm) through the BaSi2 layer, and elec-
trons and holes are generated. Therefore, defective surface
deteriorates the solar cell performance. Microwave-detected
photoconductivity decay (l-PCD) measurements showed that
s reaches approximately 10ls with excellent repeatability for
undoped BaSi2 by means of capping the BaSi2 surface with
the native oxide or a few nanometers thick amorphous Si
(a-Si) layer.23 For the native oxide/undoped-BaSi2 interface,
we found that the barrier height of the native oxide for the
minority-carriers, holes, in the undoped BaSi2 is 3.9 eV.
24 The
transport of holes generated under solar radiation is therefore
blocked at the interface, resulting in the limited conversion ef-
ficiency g  0.1% in a solar cell using the native oxide/BaSi2
interface.25 The short-circuit current density JSC was only
0.2mA/cm2. On the other hand, we achieved g¼ 9.0% very
recently in a solar cell utilizing the a-Si/BaSi2 interface.
26 JSC
reached 31.9mA/cm2. Thereby, understanding of the band
lineup at this heterointerface is very important. In this study,
we formed the a-Si/undoped-BaSi2 structure by molecular
beam epitaxy (MBE) to measure the valence-band offset
(VBO) by hard x-ray photoelectron spectroscopy (HAXPES)
and also calculated the conduction band offset (CBO) at the
interface from the measured VBO to understand the transport
of carriers across the interface.
HAXPES is a fairly powerful method to analyze the
VB density of states (DOS) of buried layers because of the
large analysis depth.27–35 Conventional x-ray photoelectron
0021-8979/2016/119(16)/165304/6/$30.00 Published by AIP Publishing.119, 165304-1
JOURNAL OF APPLIED PHYSICS 119, 165304 (2016)
 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  126.127.199.167 On: Wed, 27 Apr
2016 22:25:25
spectroscopy with the electron kinetic energy of 50–100 eV is
quite surface sensitive due to the short electron inelastic mean
free path (IMFP), k, of <5 A˚.36 It is thus difficult to analyze
the electronic states inside solids. On the other hand, much
larger IMFP (k> 50 A˚) in HAXPES enables us to measure the
VB spectra of buried layers non-destructively. Besides, a
reduced photoionization cross-section is compensated by an
extremely brilliant x-ray provided from an undulator light
source installed in the third generation synchrotron radiation
facilities, enabling us to perform HAXPES measurements with
high-energy resolution.37–39 There have been several reports
utilizing this large probing depth to measure VB spectra of
buried layers such as native-oxide/BaSi2, CdS/Cu2ZnSnS4
(CZTS), AlOx/Si heterostructures, and Bi2Se3 surface.
24,33–35
In Ref. 33, for example, Tajima et al. have reported that the
VBO at the CdS/CZTS interface was 0.06 0.1 eV. It was
determined from the VB spectra of CdS and CZTS, by chang-
ing the probing depth, which was controlled by take-off-angle
(TOA) of photoelectrons in HAXPES.
II. EXPERIMENTAL METHOD
We fabricated a-Si(5 nm)/undoped-BaSi2 (730 nm) struc-
tures by means of an ion-pumped MBE system with the base
pressure of better than 108Pa, equipped with a standard
Knudsen cell for Ba and an electron-beam gun for Si. The pro-
cedure of the sample preparation is as follows. We first depos-
ited Ba on an n-Si(111) (q 0.01 X cm) substrate at 500 C
by reactive deposition epitaxy to form a 5 nm-thick BaSi2
template layer.40 This template acts as seed crystals for over-
layers. We next co-deposited Ba and Si on the template
at 580 C by MBE to form undoped BaSi2.
41,42 The
a-axis-oriented epitaxial growth of BaSi2 was confirmed by
the reflection high-energy electron diffraction and x-ray dif-
fraction. In sample A, a 730 nm-thick undoped BaSi2 epitaxial
film was capped in situ with a 5 nm-thick a-Si layer at 180 C,
followed by air exposure for 26 h. For sample B, we exposed
a 600 nm-thick undoped BaSi2 epitaxial film to the air for 26 h
without any capping layers, on which a sufficiently thick (ca.
8 nm) native oxide layer was formed.24 Sample structures for
samples A and B are summarized in Table I. Cross-sectional
transmission electron microscopy (TEM) observation was
performed with an acceleration voltage of 200 kV to examine
the cross sections of samples A and B. Thin foils for TEM
observation were prepared with an ion beam micro-sampling
system. We performed HAXPES measurement at room
temperature at the revolver undulator beamline BL15XU39,43
of SPring-8 in Japan. The excitation photon energy was set at
5953 eV and the incident angle of the photon was set to
ca. 2–11 with respect to the sample surface. The analysis
depth was changed by controlling TOA of photoelectrons.
The overall energy resolution was set to 155meV. The Fermi
energy, EF, was referred to the Fermi cut-off of an evaporated
Au film.
III. RESULTS AND DISCUSSION
The bright-field cross-sectional TEM images of samples
A and B are given in Figs. 1(a) and 1(b), respectively. As
shown in Fig. 1(a), a 5 nm-thick a-Si layer is uniformly
formed on the BaSi2 surface as expected and the a-Si/BaSi2
interface has a sharp interface. The fact that the a-Si layer
thickness was almost the same as the deposited thickness
monitored by a quartz crystal microbalance system is the in-
dication of that the oxidation of the a-Si would terminate
near the surface. In contrast, the oxidation of the BaSi2 pro-
gressed in sample B, and an approximately 8 nm-thick native
oxide layer was formed on the BaSi2.
24
The wide range HAXPES spectra of samples A and B24
taken at TOA¼ 90 are shown in Figs. 2(a) and 2(b), respec-
tively. As can be seen in these figures, the Si core-level peaks
such as Si 2 s and 2 p for sample A were stronger than those
for sample B, whereas the O 1 s core-level peak for sample B
was stronger than that for sample A. This means that we can
suppress the oxidation of the BaSi2 layer by in situ capping
with the a-Si layer. Before discussing the VBO at the a-Si/
BaSi2 interface, we compare the core-level spectra in the Ba
3d5/2 and Si 2 s regions measured with different TOAs in
order to examine the band bending near the a-Si/BaSi2 inter-
face. The IMFP value, k, for BaSi2 was calculated to be
approximately 10 nm at 6 keV using the Tanuma-Powell-
Penn (TPP-2M) equation,36 and the probing depth is esti-
mated to be 3k sin(TOA); that is, approximately 8, 15, and
30 nm for TOA¼ 15, 30, and 90, respectively.
Figure 3(a) shows the Ba 3d5/2 core-level spectra of
sample A taken at TOA¼ 15, 30, and 90. Figure 3(b) is
the normalized spectra of Fig. 3(a) using the peak located at
780.6 eV. In Fig. 3(b), we see only one peak located at
780.6 eV at TOA¼ 30 and 90. We attribute this peak to
the BaSi2 layer. In contrast, by the peak-fitting analysis, the
spectrum measured at TOA¼ 15 was well reproduced by
adding another Gaussian curve located at 781.1 eV, prob-
ably due to slight oxidation of BaSi2 as described below.
TABLE I. Sample preparation: BaSi2 layer thickness, air exposure duration,
and surface capping and its layer thickness are specified.
Sample BaSi2 layer (nm) Air exposure duration (h) Capping (nm)
A 730 26 5(a-Si)
B24 600 26 0 (native oxide 8 nm)
FIG. 1. Cross-sectional TEM images of (a) a-Si(5 nm)/BaSi2(730 nm) (sam-
ple A) and (b) native oxide(ca. 8 nm)/BaSi2(600 nm) (sample B). Reprinted
with permission from J. Appl. Phys. 119, 025306 (2016). Copyright 2016
AIP Publishing LLC.
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Figure 3(c) shows the Ba 3d5/2 core-level spectra of sample
B, taken at TOA¼ 15, 30, and 90. At TOA¼ 30 and 90,
each spectrum was well reproduced by two Gaussian curves
located at 780.6 eV and 781.7 eV. At TOA¼ 15, how-
ever, one Gaussian curve located at 781.7 eV was enough
to reconstruct the measured spectrum. The peak located at
780.7 eV became stronger as TOA decreased. We therefore
attribute this peak to the surface native oxide because the
contribution of this peak appeared dominant in the surface-
sensitive measurement (TOA¼ 15). Hence, it is clear that
the a-Si layer suppressed the oxidation of the BaSi2 layer in
sample A. Furthermore, the peak positions did not shift
regardless of TOA (i.e., analysis depth) in Figs. 3(a) and
3(b), meaning that the band bending did not occur or it was
negligibly small in the BaSi2 near the a-Si/BaSi2 interface.
Figure 4(a) shows the Si 2 s core-level spectra for sam-
ple A, taken at TOA¼ 15, 30, and 90. Figure 4(b) is the
normalized spectra of Fig. 4(a) using the peak located around
151 eV. The ratio of the peak intensity around 155 eV to
that around 151 eV increased as the TOA decreased, indi-
cating that the peak around 155 eV was due to the surface
oxides. Note that the peak position located around 151 eV
was shifted by approximately 0.2 eV as TOA was decreased
from 90 to 15. As discussed before, the band bending did
not occur in the BaSi2 near the a-Si/BaSi2 interface.
Thereby, we attribute this peak shift to the band bending in
the a-Si layer. As seen in Fig. 4(c), the peak intensities of
oxides became stronger for sample B as TOA decreased; the
peak located around 151 eV almost disappeared at
TOA¼ 15. Therefore, it is reasonable to consider that the a-
Si suppressed the surface oxidation for sample A from the
viewpoint of the Si 2 s core-level spectra as well as the Ba
3d5/2 core-level spectra.
Figure 5(a) shows the calculated VB HAXPES spectrum
of BaSi2 obtained by the first-principles calculations, that is,
the sum of the rescaled partial DOS of the Si 3 s, Si 3 p, and
Ba 6 s states by using their photo-ionization cross-sections at
6 keV. EF is located in the middle of the band gap. Details of
the calculation are given in our previous report.44 The main
VB feature of BaSi2 extends from approximately 0.5 eV to
4 eV. We see the characteristic structures labeled A-C in
Fig. 5(a). Structures A and C mainly consist of the Si 3 s and
Ba 6 s states, and structure B is explained by the Si 3 s state.
Figures 5(b)–5(d) show the HAXPES spectra measured at
different TOAs. The spectrum in Fig. 5(b) was measured
under bulk-sensitive condition (TOA¼ 90) and that in Fig.
5(d) under surface-sensitive condition (TOA¼ 15). The VB
HAXPES spectrum in Fig. 5(b) is quite similar to that calcu-
lated in Fig. 5(a). As one can see, the structures labeled a–c
in Fig. 5(b) correspond to those labeled A–C in Fig. 5(a). At
TOA¼ 30, the intensity of the VB spectrum due to BaSi2
decreased as seen in Fig. 5(c). When the TOA decreased
further down to 15, structure c almost disappeared as seen
in Fig. 5(d). As shown in Figs. 5(a) and 5(b), structure
FIG. 2. Wide-range HAXPES spectra of (a) a-Si(5 nm)/BaSi2(730 nm) (sam-
ple A) and (b) oxide(ca. 8 nm)/BaSi2(600 nm) (sample B)
24 taken at
TOA¼ 90.
FIG. 3. Ba 3d5/2 core-level HAXPES spectra for (a) a-Si(5 nm)/
BaSi2(730 nm) (sample A), (b) normalized spectra of (a), and (c) oxide(ca.
8 nm)/BaSi2(600 nm) (sample B)
24 taken at TOA¼ 15, 30, and 90. The
spectrum measured at TOA¼ 15 in (b) and the spectra measured at
TOA¼ 30 and 90 in (c) can be fitted by the sum of two Gaussian curves
(broken lines).
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c originates from BaSi2. Thereby, it is reasonable to consider
that the VB HAXPES spectrum in Fig. 5(d) is not attributed
to the BaSi2 layer but to the a-Si layer.
Figures 6(a) and 6(b), respectively, show the HAXPES
spectrum for sample A around 1.0 eV in Figs. 5(b) and
5(d), which are near the VB maximum (VBM) of BaSi2,
EBaSi2V , and near the VBM of a-Si, E
a–Si
V . We evaluated E
BaSi2
V
and Ea–SiV to be 1.06 eV and 0.96 eV, respectively, with
respect to EF by means of the linear extrapolation to the
baseline. The obtained value of Ea–SiV is consistent with the
photoelectron spectroscopic investigations performed on
very thin a-Si layers on a-Si substrate.45 Figure 7 depicts the
band lineup at the a-Si/undoped-BaSi2 interface on the basis
of these results. Assuming that the measured value of EF
Ea–SiV (0.96 eV) is the mean value averaged over the 5 nm-
thick a-Si, and the optical band gap of a-Si, Ea–Sig , is approxi-
mately 1.7 eV,46 VBO is calculated to be approximately
0.2 eV (1:06 0:96þ 0:2
2
), and CBO is derived to be
approximately 0.6 eV (0:2þ 1:7 1:3). These results lead
to the conclusion that the barrier height of the a-Si for holes
in the undoped BaSi2 is approximately 0.2 eV. This value
is much smaller than 3.9 eV obtained for the native oxide/
undoped BaSi2 interface.
24 Therefore, the transport of photo-
generated holes in the BaSi2 under solar radiation is not hin-
dered by the a-Si capping layer. On the other hand, the
electrons in the BaSi2 are blocked by the CBO at the inter-
face. This means that the electrons and holes generated in
the n-BaSi2 layer under solar radiation are separated by the
VBO and CBO at the interface, which is beneficial for solar
cell applications. Hence, we conclude that the a-Si capping
FIG. 4. Si 2s core-level HAXPES spectra for (a) a-Si(5 nm)/BaSi2(730 nm)
(sample A), (b) normalized spectra of (a), and (c) oxide(ca. 8 nm)/
BaSi2(600 nm) (sample B)
24 taken at TOA¼ 15, 30, and 90. The spectra
measured at TOA¼ 30 and 90 in (c) can be reconstructed by the sum of
two Gaussian curves (broken lines).
FIG. 5. (a) Calculated43 and experimental HAXPES spectra of a-Si(5 nm)/
BaSi2(730 nm) (sample A) when the TOA is (b) 90
, (c) 30, and (d) 15.
Schematics of sample structure and TOA denoted by arrows are also shown.
FIG. 6. Enlarged spectra for sample A around 1 eV taken at TOA¼ (a)
90 and (b) 15 around the VBM of BaSi2 and a-Si, respectively.
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layer is effective not only on the improvement of the
minority-carrier lifetime of BaSi2 but also on the carrier sep-
aration in the BaSi2 across the a-Si/BaSi2 interface.
IV. SUMMARY
We formed 730 nm-thick undoped BaSi2 epitaxial films
capped in situ with the 5 nm-thick a-Si layer on Si(111) by
MBE, and measured the electronic states of the buried BaSi2
layer by HAXPES. We performed the depth-analysis by
varying TOA of 15, 30, and 90, and obtained the VB
spectra of the BaSi2 and the a-Si separately. The Ba 3d5/2
core-level peak did not shift regardless of TOA. This result
revealed that the band bending did not occur in the BaSi2
near the a-Si/BaSi2 interface. In contrast, the band bending
of the a-Si layer was approximately 0.2 eV from the shift
of the Si 2 s core-level peak. The VBM was located at
1.06 eV with respect to EF for BaSi2 and 0.96 eV for
a-Si. We calculated the barrier height of the a-Si for holes in
the BaSi2 to be approximately 0.2 eV and that for electrons
to be approximately 0.6 eV. We therefore conclude that the
a-Si capping layer acts as a good electrical contact for hole
transport in the a-Si/undoped-BaSi2 structure as well as the
surface passivation layer.
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